I. Introduction
===============

Since myoblast transplantation was initially shown as a potential therapy for muscular dystrophy in mice in 1989 \[[@B20]\], active attempts have been made to cure muscular dystrophy using therapy with myoblast transplantation. However, these clinical trials have had limited success. This has been mainly attributed to immune rejection, poor survival and limited diffusion of the transplanted myoblasts \[[@B21]\]. In particular, the limited diffusion problem remains unresolved because the regulatory mechanisms of the migration of the transplanted myoblasts and the existing satellite cells in skeletal muscle have been poorly understood *in vivo*.

Multiple factors such as myofibers, extracellular matrix, secreted growth factors and cytokines are complexly related to the regulation of satellite cell migration in skeletal muscles \[[@B11], [@B22]\]. Among these related factors, it has been thought that hepatocyte growth factor (HGF) is one of the primary triggers to regulate the migration of satellite cells \[[@B4], [@B25]\]. When HGF binds to its tyrosine kinase receptor c-met, c-met is autophosphorylated \[[@B3], [@B5], [@B10], [@B17]--[@B19]\]. Autophosphorylated c-met stimulates the intracellular signaling pathway via phosphatidylinositol 3-kinase (PI3K), and thereby promotes cell migration in response to increasing HGF concentration *in vitro* \[[@B2], [@B4], [@B6], [@B7], [@B17]\]. Moreover, recently, it was reported that both N-WASP and WAVE2 activated via HGF/PI3K signaling pathway played an important role in regulation of the migration through the lamellipodial formation of C2C12 cells derived from satellite cells *in vitro* \[[@B14]\]. On the hand, to our knowledge, there is a lack of information about whether exogenous HGF can trigger the satellite cell migration in intact skeletal muscle *in vivo* because it is technically very difficult to investigate the migration of living satellite cells localized within skeletal muscles, and hence the regulatory mechanism of HGF-triggered satellite cell migration in skeletal muscles *in vivo* remains unclear. However, recently, we reported that a novel *in vivo* real-time imaging method devised in our laboratory enabled us to investigate the migration of living satellite cells localized within skeletal muscles \[[@B12]\]. Therefore, in the present study, we tried to investigate whether exogenous HGF-triggered cell migration could be observed in rat intact skeletal muscles using this *in vivo* real-time imaging method. This study will provide important information to lead to an effective experimental design to provide further understanding of the regulatory mechanism of the migration of satellite cells in skeletal muscles.

II. Materials and Methods
=========================

Animals
-------

Female Fischer 344 rats (7 weeks of age) were used in the present study. They were housed in individual cages at 22°C under a 12:12 hr light-dark cycle and were provided with food and water ad libitum. All experiments were carried out with the approval of Aichi University of Education Animal Ethics Committee.

Optical imaging system with epifluorescent microscope
-----------------------------------------------------

The optical system for observation of the fluorescence consisted primarily of an epifluorescent microscope (BX-51, Olympus, Tokyo, Japan) with modification and electron multiplier-type CCD camera (Ixon DV887, Andor Technology, Belfast, Northern Ireland). The objective lens used was a UPLSAO (60×, 1.20 NA, water) for *in vivo* imaging. 4\',6-diamidino-2-phenylindole (DAPI) was used to visualize the nuclei and illuminated at an excitation wavelength of 360--370 nm. When the target cell was focused in soleus muscles, depth in the range of 5--10 µm from its point was observed concomitantly with the target cell in one picture.

In vivo imaging
---------------

For *in vivo* imaging, four rats were used in each group. *In vivo* real-time imaging was performed by modifying the method reported previously \[[@B12]\]. Briefly, under pentobarbital sodium anesthesia (60 mg/kg i.p.), the skin of the left lower leg was peeled for minimal bleeding. The gastrocnemius muscle tendon was cut, and the soleus muscle was exposed by carefully everting the gastrocnemius muscle. The motor nerve and blood vessel supplying the soleus muscle and other lower-limb muscles remained intact. As shown in Fig. [1](#F1){ref-type="fig"}A, the left lower legs were incubated with 0.1 M phosphate-buffered saline (PBS, pH 7.4) containing DAPI and recombinant human HGF (R&D Systems, Inc., Minneapolis, USA) in a silicon tube at 37°C for 6 hr, by modifying the method reported previously \[[@B12]\]. HGF was tested at concentrations of 25 and 100 ng/ml on the basis of previous studies \[[@B2], [@B4], [@B6]\]. On the other hand, the left lower legs incubated with 0.1 M PBS/DAPI without HGF were used as control group. The left lower leg was fully washed in 0.1 M PBS, and then rats were set in an optical imaging system in a prone position (Fig. [1](#F1){ref-type="fig"}B). Rats were placed under inhalation anesthesia with isoflurane (air flow rate 300 ml/min, isoflurane concentration 0.7%), and the anesthetized condition was maintained for the course of the incubation and imaging session. The migration distance for 10 min was measured from the gap of the position of 0 min phase and 10 min later phase regardless of a direction, and then the migration velocity was calculated from that. A total of approximately 20 migrating cells were measured in 6 rats per group using image analyzing software ImageJ (National Institutes of Health, Bethesda, MD).

Immunohistochemical staining
----------------------------

After the incubation of 0.1 M PBS with or without HGF, rats were sacrificed under anesthesia (n=3/group). Then, the soleus muscles were removed. The isolated whole soleus muscles were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 15 min and washed with 0.1 M PBS. To block any non-specific reaction, the isolated whole soleus muscles were incubated with 0.1 M PBS containing 10% normal serum and 1% Triton X-100 for 1 hr. The isolated whole soleus muscles were simultaneously incubated for 16 hr to 48 hr at 4°C with the primary antibodies. The primary antibodies were diluted as required with 0.1 M PBS containing 5% normal serum and 0.3% Triton X-100. The primary antibodies used in the present study were as follows: mouse monoclonal anti-MyoD (a marker for activated satellite cells \[[@B8], [@B11]\]) (1:100; DAKO, Carpentaria, CA) and goat polyclonal anti-M-cadherin (a marker for satellite cells) (1:200; Santa Cruz Biotech, Santa Cruz, CA). The muscles were washed in 0.1 M PBS and then simultaneously incubated overnight at 4°C with the secondary antibodies. The secondary antibodies were diluted as required with 0.1 M PBS containing 5% normal serum and 0.1% Triton X-100. The secondary antibodies used in the present study were fluorescein-labeled horse anti-mouse IgG (1:300; Vector Laboratories, Burlingame, CA) and Alexa Fluor 568-labeled donkey anti-goat IgG (1:300; Molecular Probes, Eugene, OR). The isolated whole soleus muscles were washed in 0.1 M PBS and mounted in Vectashield mounting medium with DAPI (Vector Labs) to visualize the nuclei. All image analyses of immunostained whole soleus muscles were carried out using an epifluorescent microscope (BX-51, Olympus) with modification and electron multiplier-type CCD camera (Ixon DV887, Andor Technology).

Statistical analysis
--------------------

All data are presented as the mean±SD and were analyzed with STATVIEW (SAS Institute Inc., Cary, NC). Differences among the groups were tested by one-way ANOVA using Scheffé's S-test. Differences were considered to be significant at the 0.05 confidence level.

III. Results
============

Exogenous HGF-triggered cell migration in intact soleus muscles
---------------------------------------------------------------

In the present study, *in vivo* real-time imaging was performed to clarify the effects of exogenous HGF on intact soleus after 0 and 10 min. As a result, cell migration was observed in the intact soleus muscle with HGF treatment while no spatiotemporal changes of any cells localized within intact soleus muscles were observed in intact soleus muscles without HGF treatment (Fig. [2](#F2){ref-type="fig"}). These results indicated that exogenous HGF could trigger the cell migration in intact soleus muscles.

The relationship between cell migration velocity and exogenous HGF concentration in intact soleus muscles
---------------------------------------------------------------------------------------------------------

To investigate whether the velocity of cell migration was affected by the difference of exogenous HGF concentration, the cell migration velocity was quantitated in each HGF concentration. As a result, the velocity of 100 ng/ml HGF-triggered cell migration was significantly higher than that of 25 ng/ml HGF-triggered cell migration (p\<0.05) (Fig. [3](#F3){ref-type="fig"}).

Exogenous HGF triggered satellite cell activation in intact soleus muscles
--------------------------------------------------------------------------

To confirm whether the activation of the satellite cells was triggered by the exogenous HGF, we performed immunostaining using MyoD, M-cadherin antibodies and DAPI on the intact soleus muscles with or without HGF. In Fig. [4](#F4){ref-type="fig"}, it is indicated that the MyoD-positive immunoreactivities were detected in the nuclei of M-cadherin-positive satellite cells in the intact soleus with HGF treatment (25 ng/ml) while the expression of MyoD was not detected in the intact soleus muscle without HGF treatment. The expression of MyoD was also observed in the satellite cell nuclei of the intact soleus muscles with 100 ng/ml HGF treatment. These findings indicated that exogenous HGF could trigger the activation of satellite cells in the intact soleus muscles.

IV. Discussion
==============

It is well known the exogenous HGF stimulates the chemotaxis of myogenic cells such as primary myoblasts, muscle satellite cells and C2C12 cells *in vitro* \[[@B2], [@B4], [@B14], [@B23], [@B25]\]. On the other hand, to our knowledge, there is a lack of information about whether exogenous HGF can trigger cell migration in intact skeletal muscles *in vivo*. The present study is the first to demonstrate that exogenous HGF triggered cell migration in intact soleus muscles using *in vivo* real-time imaging methods.

In the present study, cell migration was not detected in the intact soleus muscles stimulated with 0.1 M PBS but without HGF. This finding was consistent with our previous study, which indicated that no spatiotemporal changes of any cells localized within intact soleus muscles were observed for 90 min by *in vivo* real-time imaging \[[@B12]\]. On the other hand, cell migration was observed in the intact soleus muscles stimulated with 0.1 M PBS and HGF. These results are consistent with previous studies, which indicated that HGF was a trigger factor in the chemotaxis of myogenic cells (e.g. primary myoblasts, muscle satellite cells, C2C12 cells) *in vitro* \[[@B2], [@B4], [@B14], [@B23], [@B25]\]. Furthermore, in the present study, the velocity of cell migration triggered by 100 ng/ml HGF was significantly higher than that triggered by 25 ng/ml HGF. This result was reasonable because HGF-induced chemotaxis of myogenic cells was enhanced in response to increasing HGF concentration *in vitro* \[[@B2], [@B4], [@B6]\]. On the other hand, to our knowledge, there is a lack of information about the *in vivo* effect of a difference of incubation time of exogenous HGF on the cell migration in the intact muscles. The present study is the first to demonstrate the effect of the incubation time of 6 hr on cell migration in the intact soleus muscles *in vivo*, but did not investigate the effect of a difference of incubation time of exogenous HGF. Therefore, further studies are needed to elucidate the relationship between the incubation time of exogenous HGF and the cell migration in intact muscles *in vivo*.

We previously reported *in vivo* real-time imaging of satellite cells localized within rat skeletal muscles by applying anti-M-cadherin antibody-conjugated Quantum dots (anti-Mcad Qdots) \[[@B12]\]. However, under the incubation medium conditions used in the present study, anti-Mcad Qdot-positive immunoreactivities could not be clearly detected in rat skeletal muscles, but the reasons for this remain unknown. Therefore, unfortunately, the kinds of migrating cell could not be directly identified in the present study. In general, HGF stimulates a variety of cellular responses including cell migration and activation via its receptor c-met \[[@B3], [@B5], [@B10], [@B17]--[@B19]\]. It is well known that c-met is specifically expressed on the surface of satellite cells in skeletal muscles, and in fact in many previous studies, c-met has been generally used as a marker protein of satellite cells in skeletal muscles *in vivo* \[[@B8], [@B9], [@B11], [@B13], [@B15], [@B24], [@B26]\]. Moreover, it was previously reported that exogenous HGF induced the activation of quiescent skeletal muscle satellite cells *in vitro* \[[@B1]\]. In fact, in the present study, the expression of MyoD (a marker for activated satellite cells \[[@B8], [@B11]\]) was detected in the satellite cells in intact soleus muscles in response to exogenous HGF. For these reasons, the migrating cells detected in the intact soleus muscle with HGF were probably the activating satellite cells in the present study. On the other hand, the present study could not rule out the possibility that other cell types may also be stimulated by exogenous HGF because it was reported that the expression of c-met was detected in pericytes but not CD31-positive microvascular endothelial cells *in vivo* \[[@B16]\].

In conclusion, the present study is the first to demonstrate *in vivo* real-time imaging of exogenous HGF-triggered cell migration in rat intact soleus muscles. It was indicated that the cell migration velocity was enhanced in response to increasing exogenous HGF concentration in skeletal muscles. Furthermore, it was suggested that migrating cells may be satellite cells in intact soleus muscles because the expression of MyoD was induced in satellite cells in response to HGF. Therefore, the combination of exogenous HGF treatment and *in vivo* real-time imaging method used in the present study may provide beneficial information for understanding the regulatory mechanism of satellite cell migration in skeletal muscles and helping to establish satellite cell-based therapies.
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![Experimental diagram of *in vivo* real-time imaging. **A:** Schematic illustration of exogenous HGF incubation methods for the left soleus muscle. Under inhalation anesthesia with isoflurane, the exposed soleus muscle was incubated with 0.1 M PBS with HGF in a silicon tube for 6 hr at 37°C. **B:** Schematic illustration of the optical imaging system with epifluorescent microscope for *in vivo* real-time imaging.](AHC11058f01){#F1}

![Photomicrographs showing exogenous HGF-triggered cell migration in intact soleus muscles. The localizations of the nuclei in the intact soleus muscles without HGF treatment (upper panels) and with 25 ng/ml HGF (lower panels) are shown. The left and right panels indicate the localizations of nuclei after 0 and 10 min, respectively. The nuclei surrounded by a broken line indicate the migrating cells. In each panel, the right and left sides indicate the distal and proximal portions of the intact soleus muscle, respectively. Bar=10 µm.](AHC11058f02){#F2}

![The cell migration velocity in response to increasing concentration of exogenous HGF in the intact soleus muscles. Note: In the intact soleus muscles without HGF treatment, no cell migration was detected. Values are expressed as mean±SD. \*p\<0.05.](AHC11058f03){#F3}

![Photomicrographs showing the expression of MyoD in satellite cells in exogenous HGF-stimulated intact soleus muscles. Immunostaining was performed to visualize the localizations of MyoD, M-cadherin and nuclei, and the three images were merged. The left panels show the MyoD-negative nucleus of satellite cell (arrowheads) in intact soleus muscles without HGF treatment. The right panels show the MyoD-positive nucleus of satellite cell (arrows) in the intact soleus muscle with HGF treatment (25 ng/ml). Bar=10 µm.](AHC11058f04){#F4}
